Abstract: Autonomous control of an articulated steering type vehicle such as a wheel loader, which is usually used at surface mining fields to load mineral resources and rocks, is highly expected for operation cost reduction. A wheel loader is one of heavy machines which is also used for snow removing and/or loading operation at construction fields because of its high mobility. Its steering system is articulated steering and the rear wheels follow tracks where the front wheels have traveled. We have formulated nonlinear state equations using two velocity constraints. A nonlinear state-feedback controller is designed using the exact linearization method. Simulation and experimental results show that an articulated steering type vehicle can follow a straight line with the proposed feedback controller.
INTRODUCTION
Autonomous control of an articulated steering type vehicle such as a wheel loader, which is usually used at surface mining fields to load mineral resources and rocks, is highly expected for operation cost reduction. A wheel loader is one of heavy machines which is also used for snow removing and/or loading operation at construction fields because of its high mobility.
An articulated steering type vehicle has two bodies (front and rear) and they are articulated by an active revolute joint. Its steering system is articulated steering. The rear wheels of the vehicle follow tracks where the front wheels have traveled and it can travel soft land stably because of this property.
A car pulling trailers has a similar mechanical structure with an articulated steering vehicle but the car and the trailer is articulated by a passive revolute joint. There are many studies on such kind of systems [1] [2] [3] . Kinematics of an articulated steering type vehicle is different from the one of a car pulling a trailer and control strategies on a car pulling a trailer cannot be directly used for an articulated steering type vehicle.
There are several researches on an articulated steering type vehicle [4] [5] [6] [7] [8] [9] . Yamakawa et al. [5] have studied on turning characteristics of an articulated tracked vehicle. Sarata et al. have investigated determination of a scooping direction based on shape of pile and path generation to a scooping position based on line and clothoid curve segments. Path generation for an articulated steering type vehicle based on line and clothoid curve segments is also used in [4] [6] [8] . Ishimoto et al. [4] and Weerakamhaeng [8] have designed a linear feedback controller to stabilize an articulated steering type vehicle to a planned path that consists of line and clothoid curve segments. Hellström et al. have investigated path tracking control by the Follow-the-Past algorithm for an articulated steering type vehicle used as a forest machine.
We aim to realize automatic control of an articulated steering type vehicle using its nonlinearity. The purpose of the paper is to design a nonlinear feedback controller for an articulated steering type vehicle to follow a straight line. Sampei et al. [3] have realized straight path tracking control of a car pulling two trailers using the exact linearization method and the time scale transformation. An articulated steering type vehicle has velocity constraints caused from its wheels but the kinematics of it is different from a car pulling trailers and their control strategy cannot be directly applied. We have introduced another new virtual velocity constraint and formulated nonlinear state equations using two constraints. A nonlinear state-feedback controller is designed using the exact linearization method. Simulation and experimental results show that an articulated steering type vehicle can follow a straight line with the proposed feedback controller.
In this paper, we first present modeling of an articulated steering type vehicle and then the proposed feedback control method is described. After presenting the effectiveness of the proposed method with simulation and experimental result of straight path tracking control, the paper is summarized by the conclusion.
MODELING OF THE SYSTEM
Motion of the most of ground vehicles obeys their kinematics. A wheeled vehicle has a nonholonomic velocity constraint because of its wheels and there is no sideway motion. An articulated steering type vehicle has the same velocity constraint but it does not obey this constraint while its steering motion. We assume quasi static motion of an articulated steering vehicle which means it obeys the constraints all the time and derives its nonlinear state equations incorporating its constraints. This is the reasonable assumption if the control sampling rate is high enough compared with the steering angular velocity of the vehicle and the steering angle can be treated almost steady (quasi static). Fig. 1 shows a model of an articulated steering type vehicle. P 1 and P 2 denote the points midway between the two front and rear wheels, and their coordinates are (x 1 , y 1 ) and (x 2 , y 2 ), respectively. P 3 , (x 3 , y 3 ), denotes the articulated point of the front and rear bodies as well as the steering point. The reference point is P 1 . The steering angle which is the angle between the front and rear bodies is θ 1 and the orientation of the rear body measured from the x-axis is θ 2 . The both length between P 1 and P 3 , and P 2 and P 3 is L.
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The velocity constraint at P 1 can be represented as follows:ẋ
Normally motion control of a wheeled vehicle is executed to obey this velocity constraint. In the case of a car pulling trailers, velocity constraints caused from wheels of each body are used to control the system [3] . An articulated steering type vehicle has velocity constraints caused from its wheels but the kinematics of it is different from a car pulling trailers and the control strategy using the exact linearization method for a car pulling trailers [3] cannot be directly applied. In this work we have introduced another new virtual velocity constraint which are not caused from its wheels and formulated nonlinear state equations using the two constraints which are the one at the reference point caused from the front wheels and the new virtual velocity constraint. A nonlinear state-feedback controller is designed using the exact linearization method. Simulation and experimental results show that an articulated steering type vehicle can follow a straight line with the proposed feedback controller. Here we introduce another new virtual velocity constraint at P 3 which means that P 3 does not move in the normal direction corresponding with the rotational center of the vehicle. It can be represented as follows:
Eq. (2) is the virtual velocity constraint at P 3 represented by the coordinates (x 3 , y 3 ). The same velocity constraint at P 3 represented by the different coordinates (x 1 , y 1 ) using the geometric relationship between P 1 and P 3 can be obtained as follows:
The target system has two control inputs such as the driving input (translational velocity) u t and the steering control input (steering angular velocity) u n . Here we assume that the reference straight line path is coincide with the x-axis for simplicity. An arbitrary reference straight line path can be also used incorporating the coordinate transformation. In this paper the target system is separated into two subsystems corresponding with two control inputs and they are controlled separately. The subsystem 1 consists of the state x 1 and the subsystem 2 consists of the states y 1 , θ 1 and θ 2 . The driving input u t is used for the vehicle translational velocity control along with the reference straight line path that corresponds with control of the subsystem 1. The steering control input u n is used for the vehicle stabilization control to the reference straight line path that corresponds with control of the subsystem 2.
The orientation of the front body is θ 1 + θ 2 and the geometric relationship between the driving input u t and the x-axis directional velocity of P 1 ,ẋ 1 , can be represented as follows:
Eq. (4) represents the subsystem 1 that is related to the translational velocity control. The subsystem 2 is used for stabilization of the vehicle to the reference straight line path by the steering control input u n . Here for simplicity we assume that the reference point P 1 moves along with the reference straight line path in a velocity α andẋ 1 can be represent asẋ 1 = α. The nonlinear state equations for the subsystem 2 can be obtained using this relationship and above mentioned two velocity constraints Eq. (1) and Eq. (3) as follows:
FEEDBACK CONTROL
The driving input u t is applied to the subsystem 1 represented by Eq. (4) to move the vehicle in the planned reference velocity for the vehicle translational velocity control along with the reference straight line path. Here we focus on designing the feedback controller that stabilizes the subsystem 2 represented as the nonlinear state equations by Eq. (5) to the reference straight line path by the steering control input u n .
In this paper the exact linearization method [10] is incorporated to design the feedback controller of the nonlinear subsystem 2. Some class of nonlinear systems can be transformed into controllable linear systems using the coordinate transformation and nonlinear state feedback by the exact linearization method. The subsystem 2 that is formulated using the introduced virtual velocity constraint satisfies the necessary and sufficient conditions for exact linearization and its proof is presented in Appendix. The coordinate transformation and nonlinear state feedback for exact linearization of the subsystem 2 also presented in Appendix.
The coordinate transformation can be obtained as described by Eq. (10) in Appendix as follows:
T are the new states by the coordinate transformation.
By incorporating a new input v for exact linearization the nonlinear state feedback can be obtained as described by Eq. (11) in Appendix as follows:
The coordinate transformation and the state feedback is valid in the domain of −π/2 < θ 1 + θ 2 < π/2 and if ξ → 0, then y 1 , θ 1 , θ 2 → 0 in this domain. The exactly linearized state equations can be obtained as follows:
Eq. (8) are the controllable linear state equations and any kind of feedback control methods for linear systems that have been investigated so far can be applied to them. Stabilization control of the subsystem 2 to the reference straight line path (the x-axis) is realized by designing a linear controller for the linear state equations and it can be designed as follows:
Here F are the feedback coefficients that stabilize the coordinate transformed states ξ. The steering control input u n can be calculated using the input transformation Eq. (7) and the input for the linear controller v, and it is used to make y 1 , θ 1 , and θ 2 converge to 0. That is it is used to stabilized the vehicle to the reference straight line path.
STRAIGHT PATH TRACKING CONTROL
The x-axis is used as the reference straight line path and the effectiveness of the proposed feedback control method is confirmed by simulation and experiments using the small-sized real vehicle. The translational velocity of the vehicle is controlled to be constant (forward: 0.15m/s and backward: -0.15m/s) for simplicity and stabilization control of the vehicle to the reference straight line path by the designed controller is conducted using the steering control input.
Simulation
The simulation to stabilize the system to the x-axis is conducted using the designed controller. The specifications of the vehicle model in the simulation is coincide with the one of the one tenth scaled model of a real vehicle that is used in the experiments. The coefficients of the linear controller Eq. (9) are determined using the pole assignment method and the three poles are set to -0.5. Another feedback control method for a linear system can be used to determine the feedback coefficients.
The initial conditions are the initial x-direction error is x 1 = 0m, the initial y-direction error is y 1 = 0.5m, the initial steering angle θ 1 = 0deg, the initial orientation of the rear body θ 2 = 0deg and the length between P 1 and P 3 , and P 2 and P 3 is L = 0.16m. The steering angle(deg) is limited to θ 1 ∈ (-40, 40) and the steering agular velocity(deg/s) is limited toθ 1 ∈ (-10, 10) to follow the actual limits of a real articulated steering type vehicle.
The result of the forward straight path tracking simulation to the x-axis can be seen in Fig. 2 and Fig. 3 . Even though there is an initial position error(0.5m) in ydirection, the vehicle converged to the x-axis as time goes by and y 1 , θ 1 , and θ 2 became 0 after 24s.
The result of the backward straight path tracking simulation to the x-axis can be seen in Fig. 4 and Fig. 5 . The initial conditions are the same with the case of forward motion. Even though there is an initial position error(0.5m) in y-direction, the vehicle converged to the xaxis as time goes by and y 1 , θ 1 , and θ 2 became 0 after 22s. The effectiveness of the proposed feedback control method for both forward and backward motion of the articulated steering type vehicle is confirmed by the simulation results. 
Experiments by small-sized real vehicle
The experiments to stabilize the system to the x-axis is conducted using the designed controller and the one tenth scaled model of a real vehicle. The small-sized real vehicle used in the experiments can be seen in Fig. 6 and its specifications are listed in Table 1 . The SH4 micro computer board with Artlinux OS is used as a control device. The vehicle has two motors such as the driving motor (maxon RE35, 90w) and the steering motor (maxon RE25, 20w). Position and orientation information of the vehicle is calculated from the encoder readings of the two motors. The initial conditions are the same as the simulation and the initial x-direction error is x 1 = 0m, the initial ydirection error is y 1 = 0.5m, the initial steering angle θ 1 = 0deg, the initial orientation of the rear body θ 2 = 0deg. The steering angle (deg) is limited to θ 1 ∈ (-40, 40) as the same as the simulation and so as the steering agular velocity(deg/s) (θ 1 ∈ (-10, 10) ).
The result of the forward straight path (x-axis) tracking by the small-sized real vehicle can be seen in Fig. 7 and Fig. 8 . Even though there is an initial position error(0.5m) in y-direction, the vehicle converged to the xaxis as time goes by.The snapshot of the forward straight path tracking can be seen in Fig. 9 . In the figure the time goes from the top-left to the bottom-right. You can see that the vehicle converged to the straight line which is the same as the x-axis. The result of the backward straight path tracking by the small-sized real vehicle with the same condition can be seen in Fig. 10 and Fig. 11 . The vehicle converged to the reference straight line path as time goes by.The effectiveness of the proposed feedback control method for both forward and backward motion of the small-sized articulated steering type real vehicle is confirmed by the experimental results. The movement of a wheel loader robot in forward straight path tracking.
CONCLUSION
In this paper our aim is to realize automatic control of an articulated steering type vehicle using its nonlinearity and nonlinear straight path tracking feedback control is realized. We have introduced another new virtual velocity constraint and formulated nonlinear state equations using two constraints. The nonlinear state equations can be exactly linearized by incorporating the virtual velocity constraint. The nonlinear state equations are exactly linearized using the coordinate transformation and the state feedback, and a state-feedback controller which stabilizes the system to the reference straight line path is designed for the linearized system using the pole assignment method. The results of simulation and experiments using the small-sized real vehicle for the straight path tracking control show that an articulated steering type vehicle can follow a straight line with the proposed feedback controller. One of our future works is to extend the proposed feedback control method to handle more complex path and realize motion control of an articulated steering type vehicle in two dimensional plane.
APPENDIX Exact linearization of subsystem 2 (Eq. (5))
The proof that the subsystem 2 can be exactly linearized using the steering control input u n is presented. The subsystem 2 is represented by Eq. (5),
The coordinate transformation and the nonlinear state feedback are derived for the exact linearization as well. The necessary and sufficient conditions for exact linearization using the coordinate transformation and nonlinear state feedback are as follows [10] : (a) ad 
and Lie bracket [f , g](x) of f (x) and g(x) is defined as follows:
Firstly the condition (a) is checked. Next the condition (b) is checked.
Therefore, ad 0 f g(x) and ad 1 f g(x) are involutive. Because the necessary and sufficient conditions for exact linearization are satisfied, the subsystem 2 can be exactly linearized.
It is said from the Frobenius's theorem that when the condition (a) is satisfied, there exists a non-constant scalar function φ(x) which satisfies the below equations.
Here, L f φ(x) is Lie derivative of a scalar function φ(x) by a vector field f (x) and can be represented as follows:
Recursive derivative operation can be represented as follows:
A scalar function φ(x) satisfies below equations. Here we choose φ(x) = y 1 as the scalar function that satisfies above equations. By incorporating this φ(x) the coordinate transformation can be represented as follows:
and the state feedback can be represented as follows:
The nonlinear state equations Eq. 
The state feedback can be obtained as follows:
